Phylogenetic analysis plays a crucial role in quality control in the HIV drug resistance testing 18 laboratory. If previous patient sequence data is available sample swaps can be detected and 19 investigated. As Antiretroviral treatment coverage is increasing in many developing countries, so is 20 the need for HIV drug resistance testing. In countries with multiple languages, transcription errors are 21 easily made with patient identifiers. Here a self-contained blastn integrated phylogenetic pipeline can 22 be especially useful. Even though our pipeline can run of any unix based system, a Raspberry Pi 3 is 23 used here as a very affordable and integrated solution. 24
The use of combined Antiretroviral Therapy (cART) has dramatically decreased the mortality and 42 morbidity of HIV infected people. It was estimated that 12.9 million people were receiving 43 antiretroviral treatment (ART) by the end of 2013 worldwide. The number of HIV infected individuals 44 not receiving ART dropped from 90% in 2006 to 63% in 2013 globally [1] . Since 2010 the number of 45 people living with HIV on antiretroviral therapy increased from 7.5 million to 17 million in 2015, 46
whereas people infected with HIV only increased from 33.3 million to 36.7 million in the same time 47 period [2]. However, inadequate adherence on ART, especially when low genetic barrier regimens 48 such as NNRTI-based combination therapies are prescribed, often results in virologic failure with the 49 emergence of drug resistance. In contrast, in cases with virologic failure of high genetic barrier 50 regimens, such as boosted protease inhibitor-or dolutegravir-containing regimens drug resistance is 51 often absent [3, 4] . Drug resistance testing can differentiate patients, with persisting failure, who 52 require adherence support from those who require a regimen switch and to select appropriate third-53 line regimens [5, 6] . It has been demonstrated by numerous investigators that not only is drug 54 resistance on the rise in South Africa and other countries, but that transmitted resistance is also on 55 the increase (Manasa et al., 2016; Huang et al., 2009; Rhee et al., 2015; Boender et al., 2015;  cited and freely available software package for phylogenetic analysis is Mega [16] . The one thing which these 'Swiss army knife' implementations have in common is that already well-established and 88 -cited software or algorithms are used to conduct the various steps.
We demonstrate a purpose 89 build, ultra-low cost, self-contained and portable solution to phylogenetic inference in the HIV drug 90 resistance genotyping laboratory. Our pipeline is implemented on a Raspberry Pi 3. These pocket 91 sized single board computers are the brain child of Eben Upton and colleagues form the Cambridge 92 database. Before uploading the fasta file for phylogenetic inference, the user can choose how many 103 most similar sequences from the BLAST sequence database must be included for analysis. 104
The result for every analysis is stored in a SQL database which makes it possible to retrieve previous 105 analysis as a compressed archive. 106
These past results can either be queried by a query sample used in the analysis, the subject sample 107 found by blastn in any specific analysis or by name of the analysis. If all fields are left empty, all 108 previous analyses will be listed. Every step of the pipeline is stored in a compressed result folder 109 which allows the user to intervene on the phylogenetic inference from any step and to inspect each 110 step. The phylogenetic tree rendering is available in portable network graphics (PNG) format, The user can search for previous isolates by entering a comma separated list of full or partially 119 matched identifiers depending and how they set a check box. This makes it easy to retrieve previous 120 samples in case the user is interested on the resistance profile of the previous isolates. 121
Also, a 'sanity check' has been implemented which the user can use to determine if the input 122 sequences are suitable for phylogenetic inference, or more generally are the sequences capable of 123 generating a sensible alignment. It is conceivable, that in a busy drug resistance testing facility, the 124 user might end up with sequences in a file which cover areas of the HIV genome which does not 125 overlap. PhyloPi will not be able to handle such data and will fail after the TrimAl step. The 'sanity 126 check' provides a crude way of mapping the individual entries in the fasta file to the POL region of 127 HXB2 (Fig 1) . Since blastn is already available on PhyloPi, it was used for the mapping against the 128 HXB2 reference. From Fig 1, it is easy to find the sequences not suitable for inclusion in the 129 phylogenetic inference by PhyloPi or any software. The sequence covering the protease only region 130 cannot produce a sensible alignment with the sequences covering the reverse transcriptase only. A 131 sequence covering the integrase area was also included for illustrative purposes. This graphic is 132 rendered in SVG format, thus allowing very high resolution. This is important if the user has a fasta 133 file with many entries. We have tested this on 105 sequences and were able to zoom in and quickly 134 find sequences not making sense in the alignment. The legend bar at the bottom shows the protease, reverse transcriptase and integrase in green, blue 138 and red respectively. It is clear from this that the selected sequences do not qualify for phylogenetic 139 inference. 140 141
Considerations on software implemented 142
When choosing software for this pipeline the following factors were considered. The source code of 143 the software must be available to allow for compilation. This is essential in order to obtain binary 144 executables capable of running on the Raspberry Pi 3 ARM Cortex-A53 processor. The openness 'black boxes'. Since the Raspberry Pi 3 has only 1 GB of random access memory, the software used 147 must have a lightweight memory footprint. For the computationally intensive tasks we selected 148 software capable of parallelizing in order to maximize the use of the ARM Cortex-A53 quad core 149 processor. Lastly, we only used well cited software with a command line interface. green. This interactive HTML heatmap is rendered using the D3heatmap R package. 181
As can be seen from Fig 2, 
Case 2 204
A sample was processed for HIV drug resistance testing before the viral load which was taken on the 205 same day was available. When the viral load became available it was <150 RNA copies/mL. The 206 HIV drug resistance sample was resubmitted for viral load testing to exclude a sample swap during 207 viral load testing; the same viral load result was however reported. Analysis with PhyloPi revealed a 208 genetic distance of 0.006 in the genetic distance heatmap with a sample processed approximately 9 209 months earlier. Even though the name of the patient was spelled differently, the date of birth matched 210 as well as the address. We thus concluded both samples belonged to the same patient. 211
Vertical transmission and archived resistance
212 Also, mother and child pairs can be found with PhyloPi. Although this does not have obvious 213 significant clinical meaning it does show that the pipeline works. In cases where patients have been 214 genotyped before, it is possible that the patient's viral population has lost drug resistance mutations include previous results, as it will give the clinician an idea of the archived drug resistance. Either 217 way, PhyloPi reliably detects previously samples from same patients or mother to child transfer. We downloaded HIV-1 sequences of the POL CDS region from the Los Alamos HIV public database 229 (http://www.hiv.lanl.gov/). At the time of this analysis, 11 337 sequences were available. A 230 descriptive summary of the sequence lengths used for this benchmarking is illustrated in Table 2 . For 231 this analysis we used the Python bindings for the Selenium WebDriver API. In short, our test script, 232 pseudo-randomly selected sequences from the above mentioned fasta file. The number of 233 sequences selected was incremented by one sequence at time, in a loop ranging from 1 to 50. The 234
Selenium WebDriver was used for fasta selections through the PhyloPi web interface the same way a 235 human would have done. Timestamps were taken at each step in the pipeline and this data was used 236 to produce Fig 3 and Table 3 . problem, thus the linearity illustrated in Fig 3d [21] . 248
Many genotyping laboratories are confined to 96 well plates for the sequencing reactions and most 249 use 2 or 3 times coverage of the area of interest. This means that most laboratories will be able to fit 250 16 or 24 patient samples on a plate considering the target for genotyping is the protease and reverse 251 transcriptase drug resistance relevant area. In our analysis we have included the whole POL coding 252 region which is thus an overestimation. However, including the 5 most significant sequences in our 253 analysis we can demonstrate the time requirements for 24 sequences as shown in Table 3 . 254 255 It is worth mentioning that implementing a combined protease, reverse transcriptase as well as 258 integrase resistance testing assay is possible. This would however require more sequencing primers 259 and reduce the number of patient samples being processed per 96 well plate. Due to the way 260 sequences are retrieved by blastn, our pipeline can handle mixed sequences in the BLAST database. 261
Most laboratories perform a combined protease and reverse transcriptase assay and only do an 262 integrase assay on patients exposed to integrase inhibitors. It is necessary however, to submit 263 queries of different areas separately, i.e. the sequences being submitted for analysis should be 264 capable of producing a sensible alignment. Thus if a query containing integrase sequences is 265 submitted, blastn will retrieve only sequences of integrase.
Inter-and intra-patient genetic distances of important coding regions 268
In order to gauge inter-and intra-patient variability and how to display this in a colour scaled heatmap 269 we again examined sequences from the Los Alamos HIV database. In short, to look at inter and intra 270 patient genetic distances of HIV isolates, sequences for the protease and reverse transcriptase 271 coding regions, as a combined sequence (PR_RT), and sequences for the integrase genes were 272 downloaded for the two subtypes, B and C, separately. The fasta files for the 2 subtypes were parsed 273 with python scripts. One script was used to keep only one sequence per patient while another python 274 script was used to put sequences from same patients in to separate fasta files; which we refer to here 275 as patient clusters. This inter-and intra-patient filtering was done based on the Los Alamos HIVdb 276 'Patient id'. Any sequence where this data was not available was excluded from the analysis. The 277
inter-patient fasta files were aligned as one file, while the intra-patient clusters were aligned 278 separately by the use of a bash script; again using MAFFT as aligner. A breakdown of the number of 279 sequences and patient clusters is shown in Table 4 . As for the phylogenetic inference, for the genetic 280 distance calculations the K80 [25] substitution model was used. The genetic distances from all the 281 clusters were calculated with seqinr and ape as described above. 282 283 The violin plots (Fig 4a) shows overlap between types inter-and intra-patient for both subtypes and 287 for both the integrase (INT) as well as the protease reverse transcriptase (PR_RT) coding regions. the PR_RT coding region. 290 From this it is clear that subtype B is more conserved compared to subtype C for the coding regions 300 analyzed here. Also the INT part of the POL gene for both subtypes is more conserved compared to 301 the PR_RT part of the POL gene. Our findings here are in agreement with Li et al (2015) , who have 302 found that the integrase protein sequence is the most conserved among the 15 proteins they 303 analyzed followed by the rest of the viral enzymes. Comparing the distance intercepts for a predicted 304 probability of 0.5 for either type inter or intra, we can see there is a noticeable difference between 305 subtypes and coding regions. Thus, from the results shown in Fig 4, it is difficult to select one genetic 306 distance cutoff that will fit all subtypes and coding regions. It is also conceivable that the probability of 307 finding transmission clusters will increase as the blastn database increases. 308
309

Discussion
310
We have demonstrated that this affordable single board computer is capable of performing 311 phylogenetic inference in an impressively short time and is capable of retrieving the most significant 312 sequences from its automatically maintained blastn database without requiring any additional user 313 intervention. Also the utility of this self-contained pipeline was shown in our case studies. 314
Additionally, PhyloPi provides a search interface for retrieving sequences by name as well as past 315 analysis stored in a SQL database. PhyloPi also provides a tool with which the user can easily map 316 sequences in a fasta file against HIV HXB2 using blastn. This quickly gives a result showing the areas the sequences cover in the POL region, which can be useful to determine whether input 318 sequences are suitable for alignment. 319
The logistic regression showed that there is no clear cutoff between inter-and intra-patient HIV 320 sequences and that this is dependent on the subtype and area being sequenced. Furthermore, as 321 the blastn database grows in size, the likelihood of finding closely related sequences from different 322 patients' increases. There are different sources of sample contamination. Cross contamination 323 between samples may rather create an abnormally high number of mixed bases in the resulting 324 sequence and it is standard practice to repeat these samples. If a sample with a very high viral load 325 contaminated an adjacent sample or a sample in the same batch with a very low viral load, this may 326 not result in large numbers of mixed bases, but these samples will rather have a genetic distance of 327 zero or very close to it. Amplicon carryover contamination could also either result in a high number of 328 mixed bases or identical sequences that are clustered together in time. The true power of PhyloPi is 329 its ability to detect and trigger inspection of sequencing results from patients where there is no 330 apparent trigger for such investigation from routine quality assurance or clinical information provided 331 as illustrated in the section 'Application of PhyloPi in the HIV drug resistance testing laboratory', case 332 1. Human error is inevitable and any safety net to catch these mistakes is worthwhile, PhyloPi 333 provides such a safety net. 334 335
